SUMMARY
The potential for a revolution in microbial testing can be perceived with the near on-line detection of indicator microorganisms. By definition, these are microorganisms present in significant numbers within a food which, while not pathogenic, can be related through increasing count to the increased probability of pathogen contamination. We have used recombinant lux + bacteriophage to detect enteric indicator bacteria without recovery or enrichment in 50 min, provided that they are present at levels greater than 10 4 g-1 or cm -2. After a 4-h enrichment, samples having enteric counts of 10 g ~ or cm -2 can be distinguished from background.
INTRODUCTION The Hazard Analysis Critical Control Points (HACCP) technique is a systematic approach to
Correspondence to: C.P. Kodikara, University of Nottingham, Department of Applied Biochemistry and Food Science, Sutton Bonington, Loughborough EEl2 5RD, U.K. hazard identification, assessment and control in food production [1] . Although the most effective methods of monitoring critical control points are often physical or chemical, many of the hazards associated with food production are microbiological. The microorganisms of concern to food manufacturers can be divided into two groups: those that are pathogens (that is, those producing infection and/or toxins) and those that can be used as indicator organisms. This latter group may be used as an index of the probable incidence of contamination of foods with Salmonella spp. As very few Salmonella spp. ferment lactose, a search for glucose-(Enterobacteriaceae) rather than lactose-(coliforms) fermenting organisms has been adopted. While the International Commission on Specifications for Foods have expressed little confidence in the reliability of this approach, experience has led many investigators to extol the utility of indicator organisms in the routine analysis of processed foods. What is clear, is that any direct test for microorganisms must be rapid enough to be compatible with HACCP and it is imperative, therefore, to move away from the traditional use of media and plates.
Ulitzur and Kuhn [2] have described a novel concept for the enumeration and identification of 262 microorganisms. The principle requires the introduction of the lux genes encoding bacterial luciferase into the genome of a bacteriophage. The recombinant phage lack the intracellular biochemistry necessary for light production and, in consequence, are dark. Infection of host bacteria by the phage, however, leads to the expression of host phage genes and within 30-50 rain, the additional lux genes. The result of phage infection is bioluminescent bacteria and it is possible to harness the biological specificity of bacteriophage to confer a bioluminescent phenotype on a defined set of bacteria growing in a complex microbial mixture of organisms. For example, with the engineering of Lambda Charon 30 to contain a 9-kb DNA segment encoding the entire lux pathway from Vibrio fischeri MJ1, as few as 10 E. coli cells could be detected after 100 minutes post-infection [2] . Using further phage constructs obtained from Ulitzur, Kuhn and Suissa, 10 z S. typhimurium have been detected using a simple luminometer [3] . In the present study we have endeavoured to explore the use of lux + recombinant bacteriophage for detecting enteric-indicator bacteria. In particular, we confirm that enteric bacteria can be detected without enrichment in food processing environments and we define the detection limits. In addition, we define the detection limits following a 4-h enrichment and also the enteric species that contribute to the bioluminescent signal.
MATERIALS AND METHODS

Bacteriophage
Three lux+-recombinant bacteriophage with specificity for the Enterobacteriaceae were provided by Ulitzur, Kuhn and Suissa (unpublished). Phage stocks were developed on E. coli W3110.
Detection of enteric bacteria without prior enrichment
Abattoir, meat-processing factory surfaces and carcasses were swabbed using sponges moistened with 5 ml of Luria broth (LB) [4] . Each sponge was transferred to a sterile stomacher bag and transported to the lab in ice. A further 15-20 ml of LB was added to each of the sponges and stomached using a Colworth Stomacher.
1 ml of each of the samples, or appropriate dilutions, were plated on Violet-red bile-Glucose agar using the pour-plate method. Characteristic enteric colonies were counted after a 24-h incubation at 37°C. To 5-10 ml of each sample, lux-recombinant phages were added to a final concentration of 10 9 pfu ml l, 40 #I of 1% (w/v) nonyl aldehyde in ethanol was added and bioluminescence measured using a Turner Designs 20e luminometer (Steptech, Herts, SG4 7JE).
Detection of enteric bacteria after prior enrichment
Samples were collected as above, but using cotton swabs moistened with LB. To each swab, 22 ml of LB was added, vortexed, and enteric plate counts determined as above. For enrichment, 10 ml of each sample was incubated at 37°C for 4 h. At the end of this period lux bacteriophage were added and the procedure continued as described above for samples without enrichment.
4. Measurement of bioluminescence for indit~'idual enteric isolates
Pure cultures of individual enteric isolates having a density of 108 cfu ml -~ were mixed with lux-recombinant phage to 10 ~j pfu ml-~. Cultures were incubated at 30°C for 50 min prior to the addition of nonyl aldehyde and the measurement of bioluminescence. Table 1 show the results for enteric plate count and bioluminescence for 29 sample points in a slaughterhouse processing pig carcasses. A problem associated with the lairage floor was identified within 1 h. Fig. 2 shows the enteric plate count and bioluminescence obtained from a butchery work surface within a sausage manufacturing line on 3 days of sampling. Again relative levels of enteric count were assessed in 1 h. Using data from 141 separate samples with a range of enteric counts from less than 101 to 108, a plot of mean biolumines- 1-h assay (Fig. 3) . The bioluminescent response of individual enteric isolates from food processing environments infected with lux phage show that only 5.8% are incapable of producing bioluminescence (Fig. 4) . 88% of the isolates tested were identified by API2OE as E. coli type 1, 4% as type 2, 4% as Enterobacter, 3% as Citrobacter and 1% as KlebsielIa.
RESULTS
Fig. 1 and the accompanying
To determine the effects of a 4-h enrichment on the detection limit for enteric bacteria, a total 
DISCUSSION
Romick et al. [5] have described the use of a visual DNA probe for the detection of enterotoxigenic Enterobacteriaceae, at present however, the method requires traditional microbiological methods to first obtain microbial colonies. Pugh et al. [6] evaluated a conductance-based test using bacteriophage to delay the detection time for indicator bacteria. This method, however, takes some 24 hs to complete and although it decreases the time for identification, interpretation of the curves within the laboratory situation may be difficult. Van Netten et al. [7] investigated the rapid detection of excessive counts of Enterobacteriaceae by nitrate reduction/glucose dissimilation monitoring in selective media. The test gave detection times of no more than 7 h but that is still relatively incompatible with HACCP.
Here we have described a simple procedure based on the use of /ux-recombinant bacteriophage that can detect and enumerate enteric bacteria within 1 h at levels of 104 g-J or cm -2 (or greater), and within 5 h at levels below 10 g t or cm -2. While this demonstrates the value of the approach, at present it constitutes only a prototype assay since a markedly different enteric flora might require additional phage constructs. Nevertheless, the opportunity to rapidly monitor for major contamination coupled with 5 h monitoring for routine levels, would seem to endow this technology with a unique potential to be directly applicable to a HACCP system.
